Cell classication and sorting are of importance in many biomedical applications.
The current methods suer from various problems such as complexity of the process, low-throughput, and costly procedures that limit the use of these technologies. In this paper, we study the dynamics of deformable cells in a channel ow of Newtonian and polymeric uids and unravel the eects of deformability, elasticity, inertia and size on the cell motion. We investigate the role of polymeric uids on the cell migration behavior and the performance of inertial microuidic devices. Our results show that the equilibrium position of the cell is on the channel diagonal, in contrary to that of rigid particles, which is on the center of the channel faces. A constant-viscosity polymeric uid, modeled using an Oldroyd-B constitutive equation, drives the cells toward the channel centerline, while a shear-thinning polymeric uid, modeled using a Giesekus constitutive equation, pushes the cells toward the channel wall. The ndings of this paper suggest that the addition of polymers in microuidic devices can be used to enhance the throughput of cell focusing and separation at a low cost.
This study provides an insight on the role of rheological properties of the uid and the ways that they can be tuned to control focal position of the cells. techniques is the fact that they are not costly and the users do not need to be highly skilled to work with them. In this paper, we focus on a label-free technique which works based on the hydrodynamic interaction between cells and the surrounding uid.
Cross-stream migration of particles in moderate Reynolds number was rst observed by Segre and Silberberg 19 . In their experiment the millimeter-sized particles were distributed randomly in a circular tube and they noticed that these particles assembled in an annulus with the radius 0.3 times the tube radius. A similar behavior was also observed for tubes with rectangular and square cross sections 2023 . Drag and lift forces, acting on the particle surface, drive the particle to a steady equilibrium position. The lift force is the results of two counteractive forces: (i) the inertial lift force that pushes the particle toward the wall 24 and (ii) the repulsive wall-induced force 25 that drives the particle toward the channel centerline. The interplay between these two opposing forces determines the nal position of the particle in a channel lled with a Newtonian uid. Several analytical investigations were conducted to explain the dynamics of particles in the ow. These studies used a matched asymptotic expansion technique to obtain a scaling for the lift force 24, 2629 . Findings of these studies suggest that a particle with diameter a moving in a channel with dimension
In other words, this model predicts that the lift force is a function of particle position and Reynolds number.
Although this model is accurate enough to explain the observed particle behavior in Segre 37, 38 . Thus, it is necessary to study the motion of deformable particles, i.e., capsules, vesicles and red blood cells, in a microchannel, but most of the studies in this eld have been conducted for rigid particles in a poiseuille ow. The ndings of the present study provide an insight into the performance of the inertia-based separation techniques and eective parameters that improve the eciency of these devices.
The current sorting strategies based on inertial migration suer from a serious restriction which is low ow throughput. The volume ow rate of the samples is limited by two factors:
(i) hydrodynamic transition from laminar to turbulent ow in straight microchannels 39 and
(ii) the ratio of the Dean drag force to inertial lift that restricts the throughput in curved channels 40 . One of the promising approach to solve this problem is the addition polymers to the uid. Lim et al. 41 showed that their microuidic device for cell sorting and classication successfully works at Re ∼10000 by adding polymers to the suspending uid. They added micromolar concentration of hyaluronic acid (HA) to the solution and were able to signicantly increase the sample volume ow rate and particle velocity. In this system, the migration behavior of the cells is signicantly inuenced by the interaction between viscoelastic and inertial lift forces 41,42 . Del Giudice et al. 43 ,44 also investigated the eect of uid rheology on the alignment of rigid particles in a microchannel. They showed that the particle focusing in a viscoelastic uid is enhanced for high ow rates and they quantied the eect of uid rheological properties on the focusing length of particles. According to previous studies the rheological properties of polymeric uids can be tuned such that the resulting migration behavior changes in a desired manner for high throughput conditions
.
Furthermore, the system gives us the ability to control the focal position of cells that enhances the eciency of the current methods in cell sorting and classication at a very low cost.
In this paper, we study the viscoelastic eects of the suspending uid and its interaction with inertial forces on the migration behavior of deformable cells. We study the focal position of the cells in inertial-based microuidic devices in polymeric and Newtonian uids. The role of various uid rheological parameters are investigated to provide an insight into an ecient design of microuidic sorting and separation devices.
II. METHODOLOGY
A. Governing equations
The system of equations governing the ow and the motion of an elastic capsule in a Newtonian uid is presented in this section. The inner and outer uids are assumed to be incompressible. Hence, we have:
∂(ρu) ∂t
where ρ is the density of the inner and outer uids, u is the velocity vector, t represents the time and p and τ denote the pressure and the total stress tensor, respectively. The total stress tensor in a Newtonian uid is calculated by τ = µD, where µ is the viscosity and D=(∇u) +(∇u)
T is the strain rate tensor. In equation (2), F represents the smoothed elastic force exerted by the capsule membrane which is calculated as:
This force represents the membrane response to the surrounding uid which is zero everywhere except on the membrane. In this equation, x and x i denote arbitrary points in the computational domain and membrane surface and δ and V are the Dirac delta function and volume, respectively. In order to distribute the membrane force over a few Eulerian grid points surrounding the membrane interface, we use the smooth representation of delta function dened as:
where ∆ is the grid size. This method allows us to solve a single set of equations over the entire computational domain and capture the change in uid properties across the mem- Biological uids are often complex uids due to the presence of polymers, proteins, and DNA molecules. In order to model viscoelastic complex uids, the total stress tensor in (2) is split into solvent stress tensor (τ s ) and polymeric stress tensor (τ p ) as follow:
where the solvent stress tensor τ s is:
where µ s is the solvent viscosity. The nonlinear elastic properties of complex uids can be modeled using the Giesekus constitutive equation 52 , which captures both eects of uid elasticity and shear-thinning behavior. The Giesekus constitutive equation is written as:
In this equation, µ p is the polymeric viscosity and α denotes the mobility factor, which is in the range of 0 < α < 0.5 53 . If α is set to zero, the polymeric uid follows an Oldroyd-B model, which behaves like a constant-viscosity elastic uid. Furthermore, λ is the relaxation time of polymeric uid and ▽ τ p denotes the upper convected time derivative dened as:
The rst and second normal stress dierences in a viscoelastic polymeric uid, dened below, can lead to ow phenomena in contrast with their counterpart in Newtonian uids.
where τ xx , τ yy and τ zz represent the normal stresses along the x, y and z directions, respectively.
B. Problem setup
We consider the motion of a deformable capsule in a straight square channel with the edge length of 2W and the channel length of 4W illustrated in Fig La, the deformability-induced force dominates the inertial force and the cells tend to focus on the centerline. As Laplace number increases, the strength of the inertial force increases, while that of deformability-induced force reduces and the inertial force becomes the dominant driving force. Under this condition, the nal position is pushed further away from the centerline and closer to the that of solid particles which is in agreement with previous studies 35,38 .
We have also investigated the eect of Re number on the dynamics of deformable capsules.
Previous numerical simulations 35,38 studied this eect for the range of 1 < Re < 100, while in this work we extended this range to 37.4 < Re < 300. Our results show that the equilibrium position of rigid particles is almost independent of Re in the range of 1 < Re < 100 Reynolds number. This dependency is more signicant for softer capsules. As shown in Fig.3 (a) , the deformable capsules move toward the channel center as Re increases and this dependency is enhanced with increasing deformability. This behavior is also observed in Ref.
35 , where they showed the change in the focal position of capsules for large Reynolds numbers (Re = 100). We should note that the capsule with La = 500 is not completely rigid as shown in Fig. 3 (b) , where the capsule deformation is plotted.
We calculate the Taylor deformation parameter (D) to quantify the deformation of capsules. For this purpose, we compute the moment-of-inertia tensor, which provides us with the principal major and minor axes of an equivalent ellipsoidal particle (L and B, respectively).
Accordingly, the deformation parameter is dened as: Increasing the Laplace number means that the capsule behaves more similar to a rigid particle. On the other hand, the nal position of capsules with larger La is closer to the wall which yields larger viscous stress exerted on the capsule. Therefore, the deformation of capsule does not monotonically decrease with La. The streamlines around the cell in an Oldroyd-B uid are directed radially inward, leading to cell focusing on the centerline. 41 . This is the main limitation of current microuidic technologies leading to low throughput devices for cell classication. Hence, it is important to study the inertial eects in the presence of polymers and identify the threshold above which cell focusing is not observed. Figure 8 shows 38 . In high Re number regimes, the inertial lift force dominates other eects, while in low Re number regimes, the viscoelastic eect is stronger and the cells focus on the centerline. On the other hand, the eect of uid viscoelasticity is signicant even at high Re numbers such that cell focusing occurs in the presence of polymers. However, the focal position is no longer at the centerline. As shown in the Fig. 8 the nal position of the capsule in polymeric uid is signicantly aected by the Re number.
This phenomenon is also observed for solid particle migration in viscoelastic uids 42 . The inertial lift force acting on a solid particle 27 is in the form of:
where y denotes the distance from the centerline. Furthermore, the viscoelastic force on a solid particle in a second order uid 55 is:
The negative sign in eq. 15 shows that this force is toward the centerline, leading to the cell migration toward the centerline in an Oldroyd-B uid. The balance between these two forces determines the equilibrium position of a solid particle. Equations 14 and 15 indicate that the location where the sum of forces are zero strongly depends on the Reynolds number.
The results indicate that we still have a control on the equilibrium position of cells in high
Reynolds number regimes when the uid is viscoelastic. We note that a higher Reynolds number corresponds to a larger sample volume ow rate. The addition of polymers improves the throughput of microuidic cell focusing devices. Another important advantage of using uid elasticity is the ability of the polymer chains in maintaining the ow regime in a laminar regime even for very high Re numbers. It means that higher sample throughput can be pumped into the microchannel without transition into a turbulent regime, and the focusing behavior is still observed for high ow rates.
We note that the previous studies on particle focusing were restricted to rigid particles in a Newtonian uid or highly viscoelastic uid (W i ≫ Re) in the creeping ow limit 5660 .
In these studies, the deterioration of particle focusing was observed for Re >1. Lim et al. 41 showed that the focusing behavior of rigid particles can be achieved for high Reynolds numbers (10< Re < 10 4 ) and weakly viscoelastic uids (W i ≪ Re). Here, we quantify for the rst time focusing of deformable cells in viscoelastic polymeric uids.
C. Cell focusing in a Giesekus uid
In this section, the eects of the uid elasticity and shear-thinning behavior on the cell migration is investigated by using a Giesekus constitutive equation. Figure. The reason for this complex behavior can be explained by considering the interplay between eective forces on the cell. In this uid, the dynamics of the cells is governed by the interplay between shear-thinning eects, secondary ow generated by second normal stress dierence (nonzero for a Giesekus uid and zero for an Oldroyd uid ), elastic force, inertial eect and the deformability-induced force. Mobility factor α that is non-zero in a Giesekus uid leads to a shear-thinning eect which is absent in an Oldroyd-B uid. The shear-thinning eect signicantly reduces the viscoelastic force (the force that drives the cell to the centerline) by reducing the viscosity. It also increases the ow velocity ( Fig. 11(b) ) which enhances the inertial force (the force that pushes the cells toward the wall). Furthermore, the secondary ow induced by the second normal stress dierence 42 shown in Fig. 7 (9)). Therefore, it is important to study the eect of these parameters on the cell migration to provide engineers with an insight to design more ecient sorting techniques. According to Fig. 9(a focuses at the centerline ( Fig. 10(c) ) and it recovers the parachute shape. On the other hand in Geseikus uid, the cells move toward the channel wall, leading to larger viscous shear stresses and consequently larger deformations. 
IV. CONCLUSIONS
In this paper, we studied the dynamics of deformable cells in Newtonian and polymeric uids owing in a square microchannel. We investigated the eects of various parameters such as cell deformability, uid elasticity, inertia and size on the cell migration behavior. 
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Appendix A: Mesh independency
In this section, we show the mesh-independency of the results presented in this study. As we mentioned in section II B the computational domain for Re = 37.8 is discretized using The mesh-independency of the numerical simulation is also checked for Re = 200 and La = 50. Fig.13(a) and (b) show the distance of the capsule from the channel centerline for Newtonian (W i = 0) and Oldroyd-B (W i = 2) uids, respectively. The maximum error between two dierent sets of grid points are 2.02% and 0.65% for Newtonian and Oldroyd-B uids, respectively.
Appendix B: Domain independency
Here, we show the independency of the numerical results to the domain length in the X-direction, where the periodic boundary condition is applied. Figure 14 shows the distance of capsule from the channel centerline at Re = 100 and La = 500 for two cases with dierent lengths in X-direction (L = 4W and L = 8W ). The maximum error between two dierent cases is 1.71%.
Appendix C: Validation of viscoelastic model
The viscoelastic model used in this study is validated against published results. For this purpose, we simulate the deformation of a droplet containing polymeric uid subjected to here is 1.15% (Fig.16 ). 
